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A B S T R A C T   

The paper focuses on the effect of the scanning strategies on the microstructural evolution, defect formation, and 
macro-hardness performance of laser-powder bed fusion (L-PBF) produced samples of low alloy 20MnCr5 steel. 
Respect to the scanning strategies, advanced characterization techniques were employed to study (i) as-built 
microstructure, (ii) inclusion size and distribution, and (iii) details of compositional variation around porosity 
and within the build. Microstructural characterization shows that the chessboard scanning strategy can provide a 
favorable microstructure for the improvement of mechanical performance. However, macro-hardness results 
show a lower mechanical performance compared to the linear scanning strategy samples, which is contradicted 
by the improved microstructure. Experimental results reveal that the chessboard scanning strategy promotes the 
oxidation reaction and in-situ oxide (SiO2) formation in L-PBF, which leads to significant defect formation due to 
the excessive thermal profile from the overlap of the laser. This has been validated through finite element 
analysis and thermodynamic computation. The advantages of microstructural improvement using the chessboard 
strategy can only be realized with strict control of the metallurgical quality during the L-PBF process. Thermal 
profile optimization and oxygen elimination during the L-PBF process could be critical for the improved 
metallurgical quality and superior mechanical performance of the as-built components.   

1. Introduction 

In the last decade, the scientific and industrial community has shown 
tremendous interest in Additive Manufacturing (AM) technology. AM 
offers potential advantages in comparison to the conventional 
manufacturing methods, specifically, the capability to create complex 
shaped products with greater precision and without tooling, less mate
rial wastage, significant light weighting, while maintaining strength and 
structural integrity with a shorter supply chain [1–3]. For instance, AM 
is currently being used to produce prototype and real-life products in the 
industrial applications of aerospace, automotive, energy, defense, 
sports, and biomedicine [4]. Metallic material grades of titanium (e.g., 
Ti64 [5]), nickel (e.g., IN718 [6]), stainless steel (e.g., 316L [7]) and 
aluminum (e.g., AlSi10Mg [8]) alloys are examples of those used in AM. 

Laser Powder Bed Fusion (L-PBF) is a particular AM technique using 
a high energy laser beam to melt and fuse metallic powders in a layer-by- 
layer pattern. The microstructure produced through the L-PBF process 
often consists of columnar grains with a specific texture in the building 
(vertical) direction due to the repetitive heating and cooling cycles 
[1,3,7]. During the nature of this process, the growth of individual 
phases is dependent on the local thermal field [9], and the presence of 
solute and nucleant particles [3,9]. Literature on various metallic alloys 
have shown that L-PBF microstructural features (e.g., phase constitu
tion, grain size, non-metallic inclusion, and porosity) and properties (e. 
g., strength, ductility, fatigue, corrosion) can be tailored by adjusting 
their processing parameters such as the laser power, scanning speed, and 
the scan vector orientation [10–14]. Therefore, it is essential to optimize 
these processing parameters for safety–critical components fabricated 
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by AM. 
Currently, researchers have been exploring two main approaches of 

refining microstructure, namely, (i) materials modification by using 
inoculants e.g., TiN [15], TiB2 [16], Al3Sc [17], LaB6 [18] and solute 
elements e.g., Si, Cu, Ni [19] to influence grain size and growth and (ii) 
variation of scanning strategy to alter local heat transfer conditions to 
change grain growth [8,14,20,21]. Amongst these two approaches, 
scanning strategy is more practical to implement with commercially 
available powder feedstock. This combinatorial strategy can influence 
heat transfer, melt pool convection, and local solidification rate. Previ
ous studies [22,23] on Ni-based superalloys (Inconel 718 and IN738LC) 
have shown that a spatially controlled crystallographic texture and 
elastic anisotropy can be achieved. Marattukalam et al. [24] studied a 
316L alloy through scanning strategy optimization, which significantly 
influenced the size of austenite cells and grains and led to improved 
mechanical properties. Haines et al. [25] studied Fe-Si soft magnetic 
alloys and demonstrated that scanning strategies can alter grain 
morphology (columnar to equiaxed) and realize a different response to 
the annealing process at 1200 ◦C. Moreover, other studies demonstrated 
that scanning strategy can help to limit solute segregation on High Angle 
Grain Boundaries (HAGBs) and reduce the thermal stresses which led to 
hot cracking [26]. The materials summarized in this paragraph are 
mainly casting friendly alloys. However, there is very limited research 
and knowledge on the influence of scanning strategy on materials such 
as low alloy steels, which were specifically designed, and mass produced 
into distinct profiles, by conventional continuous casting and thermo
mechanical processing. 

Widespread implementation of AM in metals requires low cost and 
robust materials such as low alloy steels, which offer comprehensive 
mechanical performance, including strength, ductility, toughness, and 
wear resistance, while maintaining a low cost. Several low-alloy steels 
have been studied using L-PBF, including 20MnCr5 [27], 24CrNiMo 
[28], AISI 4130 [29], and 4340 [30]. Most of these studies focused on 
printability and the role of initial processing parameters (laser power 
and scanning speed) on microstructure and mechanical properties. As 
these steel grades are exclusively designed for conventional steel
making, the inclusion/oxide metallurgy (interaction of the oxygen and 
liquid steel) are expected to be different in the L-PBF process than in the 
conventional steelmaking. 

Recent experimental research has shown that metal powders have a 
tendency to pick up oxygen during their manufacturing, handling, and 
processing. For instance, our previous work [31,32] on 316L stainless 
steel revealed the role of oxides on liquid permeability during the so
lidification and alteration of chemical composition of powder by 
depleting solute elements to oxides. Work also highlighted how inclu
sion agglomeration changes solidification characteristics. Song et al. 
[33] revealed that increasing the inclusion contents induced by different 
purities of protective gas on AISI 420 stainless steel has an impact on the 
build quality of components. Eo et al. [34] conducted a detailed quan
titative analysis that demonstrated the relationship of inclusion size and 
volume on the variation of the mechanical properties using 316L 
stainless steel. Deng et al. [35] examined the oxide inclusions in 316L 
steel by considering powder manufacturing, storage, and processing. 
Nevertheless, there are still very few studies on powder oxidation and 
defect formation of low alloy steel grades with respect to scanning 
strategies. Therefore, detailed experimental and characterization studies 
are required to confirm the mechanisms and establish the condition 
under which oxides are formed and quantify the influence of defect 
formation. 

This research does not cover the relationship between L-PBF pro
cessing parameters – and tensile properties, as such information has 
already been included in the described literature in the preceding par
agraphs. Instead, this work aims to reveal the influence of the scanning 
strategy on the metallurgical characteristics of the as-built parts. A 
martensitic 20MnCr5 gear steel was selected as the model alloy to study 
the effect of varying scanning strategies on the microstructural 

evolution, defect formation, consolidation, and its impact on the me
chanical response (macro-hardness) of a low alloy steel in the L-PBF 
process. To achieve this goal, various advanced characterization tech
niques are employed to study microstructural evolution, chemical 
composition of inclusion / oxides, and defects of as-fabricated samples. 
The study examines the thermal fields induced by energy input, scan
ning time and temperature gradient with respect to the scanning strat
egy by using a finite element model. Experimental results and 
thermodynamic analysis confirmed the oxide species and their role on 
porosity formation. The research outcomes provide an insight into the 
relationship of materials-processing parameters in the L-PBF process by 
focusing on a low alloy steel, which represents a steel grade that is 
sensitive to the presence of oxygen during manufacture. 

2. Experimental methods 

2.1. Materials 

A low-alloy case-hardening steel 20MnCr5 powder from Phoenix 
Scientific Industrial Ltd. (PSI), UK (Fig. 1) was used in this study to 
understand the effect of scan strategies on the oxidation of low alloy 
steel grades. The nominal chemical composition of this Ar-gas atomized 
steel powder is presented in Table 1. The particle size distribution 
calculated using a microscopy imaging approach is shown in Fig. 1(b). 
The D10, D50 and D90 sizes are 12.5 µm, 25.6 µm and 73.3 µm, respec
tively. The upper size is limited to 150 µm by sieve separation. 

2.2. Laser-powder bed fusion (L-PBF) and scan strategies 

The L-PBF process was performed using an EOSintM 280 L-PBF 3D 
printer (EOS GmbH, Germany) in an argon atmosphere, fabricating 
cuboid specimens (14 (w) × 14 (b) × 14 (h) mm3) to study micro
structure and defect formation. The protective atmosphere of 99.998% 
(4.8 N) purity argon was stated in the equipment technical documen
tation [37] and acquired from BOC UK (with less than 20 ppm impurity 
of O2, H2O, and N2). The flow rate of the Ar gas was 10 L/min during the 
L-PBF process. 

The volumetric energy density (VED), an auxiliary factor combining 
the processing parameters with the layer thickness, is often used to 
normalize the input energy [38]. It is given as: 

E =
P

v • hd • tl
(1)  

where, E is the volumetric energy in J/mm3, P is the laser power in W, v 
is the scanning velocity in mm/s, hd is the hatch distance in mm, and tl is 
the layer thickness in mm. An initial processing parameter selection was 
referred to the study of the L-PBF processed 16MnCr5 gear part [39]. In 
their energy density to specimen density relationship study, the energy 
densities of 70 J/mm3 and above resulted in a 99% as-built density 
uniformly in both sections perpendicular to building direction (XY 
plane) and sections parallel to building direction (XZ plane). Based on 
that, the optimized L-PBF printing parameters used for 20MnCr5 sample 
fabrication are listed in Table 2, which provided a volumetric energy 
density of 74 J/mm3. 

In this study, typical linear and chessboard scan strategies were 
utilized to conduct the L-PBF process. The detailed geometry and laser 
track angles are presented in Fig. 2. To reveal the influence of scan 
strategy, the path frame of reference was kept constant for each layer 
added (rather than the machine default 67◦ rotation between adjacent 
layers). Although individual factors of the scan strategy, scan pattern, 
rotation angle between layers, multiple scanning in one layer, and/or 
multiple laser sources, have their unique influence on the build char
acteristics, the scan pattern is normally considered as the major variable 
which has been extensively studied [23,40–44]. Based on that, the scan 
pattern was selected to form a strict comparative study. In total 9 
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cuboids for each scan strategy were built in the L-PBF process. In the 
chessboard strategy, a 7 × 7 square array was designed in each sample 
build with dimension of 2 mm × 2 mm for each square (Fig. 2(b)). The 
default scan vector orientation settings in the EOSintM 280 operation 
interface were selected as indicated in Fig. 2. The scan vectors of the 
neighboring squares of the chessboard strategy were set to be variable, 
with some at 45◦ and some at 77◦ to the X-axis (layer recoating direc
tion) (Fig. 2(b)). 

2.3. Materials characterization 

The cuboid samples of 20MnCr5 fabricated by the two scan strategies 

were removed from the steel substrate plate using the wire electric 
discharge machining method. These as-built samples were subjected to 
Archimedes’ density measurement according to ASTM B962 [45], and 
each sample was measured 3 times. These cuboids were then sectioned 
on transverse (XY plane) and longitudinal (XZ plane) parallel to the 
build direction (Z). The sectioned samples were prepared through a 
standard metallographic procedure with a final vibration polish using 
Buehler metallography techniques [46]. The polished samples were 
etched using Nital (1% HNO3) for 3 min to unveil the microstructure. 

2.4. Optical and scanning electron microscopy (SEM) 

A VHX7000 optical microscope (Keyence UK) was utilized to quan
tify the porosity volume fraction. An Alicona Infinite focus microscope 
(Bruker Alicona, Austria) was used to measure surface roughness of the 
as-built samples at a magnification of 5X, following the ISO 4287 stan
dard. A Jeol 7800F scanning electron microscope (SEM) (Jeol UK Ltd, 
UK) and a Verse FEI dual-beam focused ion beam (FIB) SEM (Thermo 
Fisher Scientific UK, UK) were employed to examine the microstructure 

Fig. 1. The characterization of as received 20MnCr5 steel powder (a) powder morphology in Secondary Electron (SE2) contrast and cross section of the powder with 
martensitic structure in Band Contrast (BC) signal; and (b) statistical analysis of the particle size distribution. 

Table 1 
Nominal chemical composition of the as received 20MnCr5 steel powder.  

wt.% Cr Mn Si Mo Ni C Fe 

As received 1.25 1.20  0.29  0.15  0.14 0.108 Bal. 
DIN EN 10084: 

2008–06 [36] 
1.00–1.30 1.10–1.40  Max. 0.40  –  – 0.17–0.22 Bal.  

Table 2 
L-PBF processing parameters for 20MnCr5 powder build.  

Laser power Scan speed Laser spot size Hatch distance Layer thickness 

280 W 950 mm/s 70 µm 100 µm 40 µm  

Fig. 2. The image of the as-build samples, laser track profile, the geometry for different scan strategies, and corresponding schematic illustrations (a) linear strategy, 
and (b) chessboard strategy. 
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of the as-built samples, during which both secondary electron (SE) and 
backscattered electron (BSE) images were acquired. The chemical 
analysis was carried out by energy-dispersive X-ray spectroscopy (EDS) 
(Oxford Instruments, UK) at 10 kV. 

A Symmetry® EBSD detector (Oxford Instruments, UK) fitted within 
the Jeol 7800F SEM was used to acquire the crystallographic orientation 
information of the build at 20 kV, 1 µm step size, and ~ 2000 frame per 
second (fps) indexing rate. The Aztec software package (Oxford In
struments, UK) was used for the EBSD data analysis. The coordinate of 
the EBSD mapping was set as follow: x0 direction: X direction in the L- 
PBF process; y0 direction: Z direction in the L-PBF process; z0 direction: 
Y direction in the L-PBF process. The inverse pole figure (IPF) map is 
generated from z0 direction in the EBSD acquisition coordinate. 

The statistical analysis of the porosity and inclusion distribution 
were conducted with ImageJ 1.49v software (National Institutes of 
Health, USA) using optical microscopy and SEM-BSE images, respec
tively. Also, note that some of the details about analysis are incorporated 
within the results section. 

2.5. X-ray computed tomography (XCT) 

XCT of the cuboid samples produced by linear and chessboard scan 
strategies was conducted using a Tescan UniTOM XL (Tescan Orsay 
Holding, Czech Republic). To acquire the best possible spatial resolution 
for the shape of the samples, the upper and lower halves of the sample 
were scanned separately and subsequently stitched together following 
image reconstruction in Panthera (Tescan Orsay Holding, Czech Re
public). Each scan for the samples produced by linear and chessboard 
strategies used the same settings; with a voxel resolution of 5.8 µm, 180 
kV, 15 W, and an exposure time of 2500 ms over 3837 projections at 3 
frames per projection. 

Porosity analysis of the samples was performed in Avizo 3D 2021.1 
(Thermofisher Scientific UK, UK) using watershed segmentation, with 
subsequent manual adjustment to ensure greater accuracy of the 
extracted porosity. The extracted pores for both samples were subjected 
to label analysis to extract metrics of pore geometry and sample quality, 
including pore size (Length3D) and Volume (Volume3D). The total 
volume of pores and metal were also extracted and used to calculate the 
volume fraction of porosity for both samples. 

2.6. Hardness test 

Macro hardness was measured on the XY and XZ planes of the 
samples using a Wilson® VH3300 Vickers hardness tester (Buehler UK, 
UK) with a 50 kg force loading and 10 s dwell time. The indentation 
covered ~ 0.5 mm × 0.5 mm area, which is considered representable for 
revealing the mechanical response of a bulk material. Nine indentations 
were conducted in a 3 × 3 matrix on the testing planes of each sample. 
The indentations were separated from each other by 2 mm [47]. 

2.7 Theoretical analysis 

2.7.1. Thermal field simulation 
An Abaqus Finite Element Model was built with the AM Modeler 

Plugin in ABAQUS v2020 (Dassault Systems, France) to simulate the 
thermal field distribution during and after the build process. The 
detailed laser toolpath order of the chessboard strategy in the finite 
element simulation is presented in Fig. 3 [48]. Material property data as 
a function of temperature for the base plate and the build was sourced 
from the MPDB Database (JAHM Software Inc., USA). The primary data 
sources are as follows: thermal conductivity and specific heat capacity 
[49]; density was assumed to be 7,810 kg/m3 at room temperature [49]. 
As with the approach adopted by Malekipour et al. [48] the phase 
change was not accounted for in the model. A thermal model was used as 
described in the Abaqus manuals, with the build geometry and laser tool 
path replicating the experimental process. 

Two thermal models were run with different time stepping:  

(i) The maximum time step was limited to 0.3 ms to capture the 
detailed thermal history of the first layer of the build (at the laser 
speed of 950 mm/s, this time step ensures that the laser will only 
move ~ 0.285 mm per time increment);  

(ii) A maximum time step of 50 ms to model the full part build. The 
starting temperature of the base plate was assumed to be 313 K. 
Heat exchange of the whole block (the build and the base plate) 
was calculated using a heat transfer coefficient of 18 W.m− 2.K− 1 

with a sink temperature of 313 K, and an emissivity coefficient of 
0.25 [50] with an ambient temperature of 313 K. The laser power 
was defined as 280 W with an absorption coefficient of 0.5 and 
the double ellipsoid Goldak model used to define the heat flux 
input from the laser [50]. 

A tied contact was used between the built part and the substrate to 
reduce the required number of elements. 77,957 DC3D8 elements were 
used for the “high-resolution” heat transfer model of the first layer with 
an approximate global element size for the build part of 0.1 mm. For the 
full model, 80,309 elements were used with an approximate global 
element size for the build part of 0.5 mm. 

2.7.2. Thermodynamic calculation 
The thermodynamic analysis was conducted by FactSage 8.1 soft

ware package (GTT-Technologies, Germany). The Phase Diagram mod
ule was utilized for oxide phase prediction as a function of involved 
oxygen content in the liquid steel and processing temperature using 
equilibrium cooling calculation. The input data included the chemical 
composition of the steel powder and the oxygen contents in steel for the 
given condition. The database of FactPS, FToxid and FSstel were 
selected for calculation. The oxide phase solutions, slag liquid, monox
ide, corundum, and spinel were selected. The liquid phase (Feliq), delta 
ferrite (bcc δ-Fe), austenite (fcc γ-Fe), and alpha ferrite (bcc α-Fe) were 
selected as steel solution candidates. 

Fig. 3. The toolpath order of the chessboard strategy with coordinates in 
millimeters utilized in the finite element simulation. The numbers indicate the 
sequence of the squares being laser scanned. The laser track of a given layer is 
illustrated by the dashed line with arrow. Red color represents the squares 
scanned with laser track 45◦ from the edge of the build cube, while the green 
color is the laser track 77◦ away from the cube edge. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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3. Results 

3.1. Initial observation 

The optical images of the etched 20MnCr5 steel samples by different 
scan strategies in both building direction (XZ plane) and transverse di
rection (XY) are presented in Fig. 4. The influence of the scan strategies 
is shown by the outline of the laser track and the as-solidified grain 
morphology. The sample produced by the linear scan strategy shows a 
uniform grain structure with the absence of the identical fish scale 
feature. Such morphological homogeneity is observed in both the XZ and 
XY planes (Fig. 4(a) and (c)). On the contrary, the sample fabricated 
using the chessboard strategy shows an obvious boundary of the melt 
pool, which is framed by the dark layers. To reveal the fine martensitic 
structure, please refer to the Fig. 7 in Section 3.2. The detailed micro
structure in the melting pool of both linear and chessboard scan stra
tegies has been presented using the electron microscopy technique for 
these micron to sub-micron sized features. 

The surface characteristic of the L-PBF built 20MnCr5 samples with 
different scan strategies is shown in Fig. 5. The surface roughness was 
measured by the absolute depth of each individual position compared 
with the reference plane using the Alicona infinite focus microscope. A 
matrix of the depth value was generated with the sample position co- 
ordinates. Each height scattering curve is correlated to the position of 
a white dashed line in the corresponding image. The top view (XY plane) 
is presented in Fig. 5(a) and (c) for the linear strategy and Fig. 5(b) and 
(d) for the chessboard strategy, while the side view (XZ plane) is pre
sented in Fig. 5(e) and (g) for the linear strategy and Fig. 5(f) and (h) for 
the chessboard strategy. The side surfaces (XZ plane) of the 20MnCr5 
samples produced by the chessboard strategy represents a higher surface 
roughness, as the average surface roughness (Ra) of the linear strategy 
produced sample is 26 ± 3 µm, and Ra of the chessboard strategy pro
duced sample is 30 ± 2 µm. The top surface (XY plane) of the sample 
produced using a chessboard strategy exhibits a higher roughness with 
Ra value of 22 ± 3 µm and the height fluctuation reaching ± 200 µm 
(Fig. 5(d)), while the linearly scanned sample shows an Ra value of 15 ±

2 µm and keeps a constant height scattering within ± 100 µm range 
(Fig. 5(c)). An interesting feature is also observed in Fig. 5(d), where the 
higher height scattering (curve peaks) is generally overlapped with the 
square boundaries (red dashed line). It is suggested that the boundaries 
of each square in the sample built with the chessboard strategy have 
formed a ridge surrounding the inner area of the given square (Fig. 5 
(b)). The varying surface roughness in the two samples could be 
attributed to the scan strategy, as a significant change has been obtained 
in the top surface (XY plane) which is influenced by the laser scanning 
path. 

The hardness variation of the samples by different scan strategies in 
both the XY and XZ planes, as a quantitative representation of the me
chanical properties, is illustrated in Fig. 6. The hardness of the samples 
by the chessboard strategy is on average 323 ± 30 HV50 for the XZ plane 
and 330 ± 35 HV50 for the XY plane, lower than the samples produced 
by the linear strategy 368 ± 13 HV50 for the XZ plane and 367 ± 10 
HV50 for the XY plane. The small standard deviation of the hardness 
observed in the linear build sample suggests a uniform microstructure. 
The more than doubled error bar of the sample produced by chessboard 
strategy seemingly indicates a heterogonous distribution of the micro
structure and/or defects in the built 20MnCr5 sample. 

The preliminary results indicate that the chessboard strategy has led 
the 20MnCr5 alloy to behave differently than the conventional linear 
approach, specifically in terms of the microstructure, surface roughness, 
and macro hardness. Therefore, it is important to understand the 
fundamental mechanism that triggered such phenomena from the as
pects of microstructure evolution and bulk consolidation, using 
advanced characterization, thermal field analysis and thermodynamic 
calculations. 

3.2. Microstructure evolution 

The EBSD results in Fig. 7, taken from the XZ-plane, reveal the 
microstructural details of the melt pool in the 20MnCr5 samples. The 
build fabricated using the linear strategy formed a deeper melt pool 
(~65.2 µm, 6 layers in 391 µm, Fig. 7(a)) compared to the samples 

Fig. 4. The optical microstructure of the as-built 20MnCr5 steel, (a) and (c) produced with a linear scan strategy, and (b) and (d) produced with a chessboard 
scan strategy. 
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fabricated using the chessboard strategy (~39.1 µm, 10 layers in 391 
µm, Fig. 7(d)). 

The low magnification inverse pole figures (IPFs) in Fig. 7(b) and (e) 
show a distinguishable morphological difference in the samples using 
linear and chessboard strategies. In the samples with the linear strategy 
(Fig. 7(b)), a columnar morphology is obtained with a deep melting 
pool. The shallow melting region in Fig. 7(e) suggests an equiaxed 
structure. A high magnification EBSD analysis is presented in Fig. 8. 
Additionally, the residual stress of the as-fabricated samples associated 
with solidification was measured using the Kernel Average Misorienta
tion (KAM) method. This physical value describes the local misorien
tation between the orientation of a given pixel and its neighboring 
orientations with a defined kernel size and is commonly considered as a 
representation of the residual stress in the sample [51,52]. In this work, 
KAM values were extracted from the EBSD data by using the 2nd order 

neighbors with a threshold angle of 5◦ [51]. The quantitative data from 
the KAM maps (Fig. 7(c) and (f)) resulted in an average KAM angle of 
0.98◦ and 0.83◦ for linear and chessboard scan strategies, respectively. It 
indicates that the samples produced by both strategies retained a similar 
low residual stress, while the chessboard strategy further reduced the 
internal residual stress of the steel build. 

Since the significant differences can be observed in Fig. 7 regarding 
the melt pool morphology and local residual stress in the building di
rection for the two laser scan conditions, a detailed microstructural 
study was conducted to investigate the effect of the scan strategy on 
martensite morphology and non-metallic inclusions. Fig. 8 shows the 
statistical analysis of the martensite structure of the 20MnCr5 build, 
including width and the aspect ratio of the martensite laths, as well as 
the detailed morphology. Clear differences in the development of the 
martensite phase are evident. Three clearly distinguishable martensite 

Fig. 5. The surface roughness (surface image and the corresponding topographic profile of the black arrow in the surface image) of the 20MnCr5 samples using the 
linear and chessboard scan strategies from top view and side view: (a) and (c) topographic image and the height profile of the sample with the linear strategy under 
top view, (b) and (d) topographic image and height profile of the sample with the chessboard strategy under top view, (e) and (g) topographic image and height 
profile of the sample with the linear strategy under side view, (f) and (h) topographic image and height profile of the sample with the chessboard strategy under 
side view. 

Fig. 6. The macro-Vickers hardness of the 20MnCr5 samples measured in the XY and XZ planes represents the collective response to the influence of the 20MnCr5 
steel builds using linear and chessboard strategies. 
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lath features are observed in Fig. 8: 

(i) In Fig. 8(a), the sample fabricated using the linear strategy pre
sents a martensite lath width of 4.1 ± 1.2 µm, with a portion of 
the data spreading above 10 µm width. On the other hand, the 
sample produced using the chessboard strategy shows a narrow 
width of 2.5 ± 0.8 µm, with a concentration of values below 3 µm. 
The fitted minor diameter of the ellipse extracted from the Grain 
Detection function of the Aztec software was utilized to represent 
the width of martensite laths.  

(ii) The aspect ratios (represented by the fitted ellipse aspect ratio) of 
the martensite lath (Fig. 8(b)) in the linear scan strategy and 
chessboard strategy cases are 2.5 ± 1.0, and 2.2 ± 0.8, 
respectively.  

(iii) The coarse columnar martensite observed in Fig. 8(c) contributes 
to the higher lath width and larger martensite aspect ratio in the 

sample fabricated using the linear scan strategy. On the contrary, 
the structure of the sample produced by the chessboard strategy 
(Fig. 8 (d)) maintains a uniform lath width with a low aspect ratio 
towards equiaxed morphology (aspect ratio equal to one). 

According to the boundary strengthening mechanism, the refined 
martensite structure observed in the sample fabricated using the 
chessboard strategy is expected to provide higher mechanical perfor
mance [53]. 

Fig. 9 illustrates the orientation distribution function (ODF) maps 
obtained from the low magnification EBSD acquisitions of the samples 
produced by both scan strategies. In both cases, low texture intensity 
and random orientation of the martensite structure can be observed. The 
ODF sections show some identical orientations, but the overall in
tensities are below 3 MRD (Multiples of Random Distribution), indi
cating the random and low texture intensified microstructures in both 

Fig. 7. The EBSD analysis of the 20MnCr5 samples with different scan strategies in the XZ-plane, (a)-(c) produced using the linear strategy, and (d)-(f) produced 
using the chessboard strategy. BC stands for Band Contrast image, IPF stands for Inverse Pole Figure, and KAM stands for Kernel Average Misorientation (KAM) map. 

Fig. 8. The statistical analysis of the martensite structure and the detailed morphologies within the laser track (a) width of the martensite lath, (b) aspect ratio of the 
martensite lath, (c) and (d) the detailed martensite morphologies of samples produced by the linear and chessboard strategies, respectively. 
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linear and chessboard samples. This can be attributed to the refined 
structure of the parent austenite phase formed from the high tempera
ture ferrite along the direction of decreasing temperature of the local 
melt pool. A reproducible orientation relationship between the parent 
(γ-Fe) and product (α-Fe) lattice is well recognized in the martensitic 
transformation as the Kurdjumov-Sachs relationship [54]. As a result, 
the orientation distribution of the parent austenite phase directly 
influenced the follow-on martensite texture. Compared to conventional 
continuous casting processes, the L-PBF offers a high cooling rate, 
leading to the microstructural refinement in various steel grades [7]. 
This refinement contributes to the random orientation distribution of 
the parent austenite structure. 

The presence of non-metallic inclusions is a significant factor in 
determining the mechanical properties of low alloy steel [55]. Fig. 10 
represents the statistical analysis of the two strategy cases based on 300 
high magnification SEM-BSE images, covering a total region of 0.15 
mm2 from both the XY and XZ planes. The distribution of inclusion size 
is generally similar in the range below 0.2 µm. However, in the case of 

the chessboard strategy sample, a slightly higher frequency is observed 
in the 0.025 to 0.05 µm range (insert in Fig. 10). In addition, an 
increased number of large inclusions can be observed in the sample 
produced by the chessboard strategy in Fig. 10 (dashed rectangle and 
inserted BSE image). These coarse inclusions can often have a detri
mental effect on the fracture toughness and negatively impact ductility. 
However, they can potentially contribute to increased macro hardness as 
hard particles are capable of bearing increased loads in the indentation 
region, resulting in higher hardness values. 

3.3. Consolidation performance 

Porosity analysis was performed in Avizo 2021.2 on the extracted 
pore data from XCT scanning. Analysis of the pore data shows a large 
difference in pore diameter between the linear and chessboard printing 
strategies (Fig. 11). The sample produced by the linear strategy pre
sented a porosity content of 0.39 vol%, compared to a porosity content 
of 1.23 vol% by the chessboard strategy. Pore sizes were also 

Fig. 9. The orientation distribution function (ODF) maps of the samples prepared with different scan strategies of (a) linear strategy, and (b) chessboard strategy.  

Fig. 10. The statistical analysis of the inclusion dis
tribution of the 20MnCr5 samples fabricated by the 
linear and chessboard strategies. The average inclu
sion size is 0.055 ± 0.032 µm for the linear strategy 
case. In the sample made by the chessboard strategy, 
the average inclusion size is 0.047 ± 0.034 µm. The 
fine inclusions show a similar size distribution as the 
linear strategy counterpart, while larger sized in
clusions can be seen in the BSE image (red dashed 
rectangle). (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
web version of this article.)   
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consistently larger in the chessboard strategy, on an average of 78 ± 1 
µm compared to 62 ± 1 µm in the linear strategy (95% confidence in
tervals). The lack of overlap between confidence intervals in both pop
ulations suggests that both scan strategies have a characteristic 
difference in pore sizes. Cohen’s d calculated between pore lengths of 
both printing strategies gives a value of 0.199, reporting a small effect 
size. 

Comparisons of pore volumes agreed with these results, with the 
mean pore volume being higher in the chessboard strategy (18.75 ±
1.08 × 104 µm3) than in the linear printing strategy (0.87 ± 0.58 × 104 

µm3). Again, the lack of overlap between confidence intervals suggests a 
characteristic difference between the volumes of pores in both scan 
strategies. Cohen’s d calculated between pore volumes of both printing 
strategies gives a value of 0.129, reporting a very small effect size. 

Overall, it is observed that both pore size and volume are higher in 
the sample produced using the chessboard printing strategy compared to 
the linear printing strategy. This indicates that the chessboard strategy 
yields lower overall print quality in terms of the presence and size of 
pores within the build. 

The as-fabricated samples were further analyzed using Archimedes’ 
principle to measure the relative density, as shown in Fig. 12(a). The 
sample fabricated using the linear strategy exhibited a higher density of 
97 ± 2% compared to the chessboard strategy, which had a density of 95 
± 2%. It is also worth noting that the powder feedstock used may have 
had a mild influence on the relative density of the samples produced by 
both linear and chessboard strategies. This is because the powder size 
distribution included a small portion of coarse particles (less than 150 
µm), which is larger than the layer thickness of 40 µm. The presence of 
large particles could affect the powder-bed packing density [56]. It is 

expected that the relative density obtained in this study could be 
increased using newly commercialized 20MnCr5 steel feedstock with a 
particle size range of 15–55 µm [57]. 

In addition, a low magnification microstructural study and quanti
tative porosity analysis were performed on the XZ plane of both samples, 
as shown in Fig. 12(b) and (c). The images were sliced along the Z di
rection with a width of 120 µm, resulting in a total of 85 slices being 
obtained. Each slice was analyzed, and the porosity data was collected to 
plot the curves of the porosity volume fraction. The sample fabricated 
using the chessboard strategy exhibits a periodical variation in the 
porosity volume fraction. The high peaks in Fig. 12(c) indicate a porosity 
volume fraction exceeding 7% and are separated by regions with low 
porosity. In contrast, the sample fabricated using the linear strategy 
presents a more consistent scattering of porosity levels, with values 
below 2%. 

From both Figs. 11 and 12, it can be observed that samples produced 
by the chessboard strategy exhibit a higher level of porosity defects. This 
higher porosity content could potentially explain the lower macro 
hardness observed in Fig. 6, despite the favorable microstructure fea
tures of these samples. The heterogeneous distribution of porosity in the 
chessboard strategy in Fig. 12(c), results in a significant variation in 
local mechanical performance within the as-built sample. This variation 
contributes to the large error bars observed in the macro hardness from 
chessboard strategy samples (Fig. 6). 

A comprehensive compositional analysis was conducted using SEM- 
EDS to investigate the composition of the surrounding areas of the 
porosity. The results revealed the presence of relatively large inclusions 
in close proximity to the pores. Further analysis confirmed that these 
inclusions are primarily composed of oxides. More detailed information 
and discussion regarding these findings is presented in Section 4. 

In Fig. 13, the morphology of the porosity region in the sample 
produced by the chessboard strategy is depicted. Fig. 13(b), (c) and (d) 
present detailed images showcasing three distinct pore structures. In 
Fig. 13(b), the presence of oxide inclusions (indicated by white arrows) 
at the corners of the solidified melt pool can be observed, hindering the 
integration of the molten metal. Additionally, a thick layer of oxide 
(indicated by the yellow arrows), resulting from the oxidized steel 
powder, forms a seal around the pure metal, further impeding integra
tion [31]. A similar feature can be observed in Fig. 13(c), with the steel 
powder exhibiting a metallic surface (yellow arrow). The third pore 
morphology, as shown in Fig. 13(d), displays a clean surface on the pore 
wall. The oxide inclusions are presented at the corners where the liquid 
metal integrates to minimize surface tension during the laser heating. 
However, the presence of the oxide inclusion reduces the wetting of 
liquid steel to the oxide, acting as an obstacle that inhibits the integra
tion of molten steel powders into one single liquid pool, resulting in the 
formation of a cavity region [31]. 

To investigate the underlying mechanisms responsible for the 
notable disparity in the consolidation behavior of 20MnCr5 samples 
fabricated using the linear and chessboard scan strategies, finite element 

Fig. 11. The porosity size distribution obtained by the XCT. The sample pro
duced using the chessboard strategy shows a higher porosity and larger 
porosity size. 

Fig. 12. The relative density of the as-built samples and the survey of the porosity distribution through the sample cross section, (a) relative density comparison 
using Archimedes’ principle, (b) linear strategy, and (c) chessboard strategy. 
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analysis and thermodynamic calculations were conducted to analyze the 
thermal field distribution and high-temperature reactions. 

3.4. Thermal field variation 

The laser power, scanning speed, and hatch distance are crucial pa
rameters in the L-PBF process. In this study, these processing parameters 
were set constant to ensure the same input energy, while the scan 
strategy was varied. FEA simulation was conducted to analyze the 
temperature distribution on the XY plane after completing one layer 
scan, and the results are presented in Fig. 14. Fig. 14(a) shows the 
thermal gradient created by the linear scanning pattern, with a gradient 
from the scan start corner to the end position. On the other hand, Fig. 14 
(b) depicts the high-temperature islands observed in the case of the 
chessboard scanning strategy. The temperature gradient in this case is 
from the scanning position within each chess square to its boundary, 
while the rest of the region remains relatively uniform. In Fig. 14(b), the 
white dashed line indicates the size of the chess squares, and the red 

dashed line represents the maximum heating region within one chess 
square. The difference in surface topography observed in Fig. 5 can be 
attributed to the varying thermal field distributions resulting from the 
linear scanning and chessboard scanning strategies (Fig. 14). Enlight
ened by the simulation in Cheng et al.’s work [41], the geometry of the 
given scan pattern has a significant impact on the thermal profile in the 
L-PBF process. The inter-layer rotation angle, on the other hand, did not 
induce identical difference in the thermal profile of a given scan pattern 
during laser fusion. This suggests that the findings in the current 
research are applicable in the scenarios involving the rotation angle 
between the subsequent layers, as the scan patterns (linear and chess
board) are the primary factors influencing the thermal profile of the 
build. 

Fig. 15 illustrates the temperature–time profiles for a specific coor
dinate (x, y) (9.0, 7.0) in both scanning strategies for 11 process cycles 
(layers). It should be noted that the thermal behavior observed at this 
coordinate is representative and similar to other coordinates in the build 
(see Fig. 3 for coordinate location). The cycles represent the laser 

Fig. 13. The morphology of the porosity in the sample produced by chessboard scan strategy, (a) the porosity region, (b), (c), and (d) the typical morphology of the 
individual pores with the presence of oxide lumps (white arrows) and 20MnCr5 powder (yellow arrows if applicable). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Finite Element simulation of temperature on the XY plane, (a) linear and (b) chessboard scan strategies (legend indicates nodal temperature in de
grees Kelvin). 
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heating process starting from the given coordinate position and ending 
when the laser returns to the same position. The time for each cycle is 
the same since it corresponds to the duration of one layer, with the only 
difference being the starting point. In the linear scanning strategy, the 
temperature curve exhibits a sharp peak followed by a gradual decrease. 
On the other hand, the chessboard scanning strategy shows a sharp peak 
indicating laser heating at the given position, which is also higher than 
the peak temperature observed in the linear scanning strategy. 
Following the initial peak, there are three minor peaks in close prox
imity, which could be influenced by the neighboring Squares 6, 7, 18, 
and 21, sharing the sides of same Square 44. A prolonged processing 
time can be observed in the case of the chessboard strategy, as in Fig. 15, 
the chessboard strategy only reached cycle 9 (n9) when cycle 11 was 
completed in a linear pattern (n11). The chessboard strategy requires 
23.9% more time scanning each layer compared to the linear strategy. 
Such an extension in process time is caused by the scan repetition of the 
boundary line in between each pair of the neighboring squares. As 
volumetric energy density is the same for both scan patterns, the longer 
scanning time in the chessboard strategy leads to higher total energy 
input in an individual layer scanning process. Consequently, the heat 
accumulation in the sample processed using the chessboard strategy is 
higher. 

In order to investigate the thermal influence at different positions 
during one layer processing, the temperature profiles of four selected 
positions in Square 44 were analyzed, as shown in Fig. 16(a). The blue 
curve represents the temperature profile at coordinate (x, y) (9.0, 7.0), 
which corresponds to the center of Square 44. The red curve corresponds 
to coordinate(x, y) (8.0, 6.0), which is the corner of Square 44 and is 
adjacent to Squares 7, 21, and 30. The green curve corresponds to 
position(x, y) (8.5, 6.5), which is halfway towards the corner, and the 
brown curve corresponds to position(x, y) (8.2, 6.2), which is a quarter 
away from the corner. Fig. 16(b) provides a visual representation of the 
neighboring squares of Square 44. Fig. 16(d), (e), and (f) show the 
enlarged temperature response of the given positions in Square 44 when 
the laser scans the neighboring Squares 7, 21, and 30. It can be observed 
that the corner position(x, y) (8.0, 6.0) experiences multiple heating 

events, as indicated by the presence of four heating peaks in the tem
perature curves. On the other hand, the center of Square 44 experiences 
one major heating event when the laser processes Square 44. These 
thermal analyses indicate that the repetition of scanning along the 
boundaries of neighboring squares leads to heating overlap and accu
mulation of heat in the corner and boundary areas. In contrast, the 
center of a given square is relatively less affected. The repetitive heating 
of a localized area is not desirable in the L-PBF process, as it can interfere 
with the structural continuity and contribute to the formation of defects. 

The combination of the periodical features observed in the porosity 
distribution (Fig. 12) and the thermal profile analysis showing an 
overlapped heating region (Fig. 16) suggests a strong connection be
tween the overlapped heating region in the build using the chessboard 
strategy and the heterogeneous porosity distribution in the 20MnCr5 
builds. This overlapped heating region is likely contributing to the large 
variation in Vickers hardness observed in samples fabricated using the 
chessboard scan strategy and is discussed in more detail in Section 4. 

4. Discussion 

To reveal the underlying mechanism for the porosity formation, 
thermodynamic calculation was utilized to understand the high- 
temperature reaction in the L-PBF process of the 20MnCr5 powder. 

In the L-PBF process, the formation of pores is commonly attributed 
to factors such as insufficient laser power, excessively high scan speed 
[58], and gas entrapment [59]. These factors are typically considered 
from a processing standpoint. In this work, the presence of oxide in
clusions in association with the pores (Fig. 13) indicates that the 
oxidation reaction and the deteriorated wetting characteristics of the 
liquid metal play a dominant role in the pore formation [32]. 

The thermodynamic calculation focused on predicting the oxide 
phase behaviour, as shown in Fig. 17(a). It indicates that the slag phase 
(SiO2(liq)) occurs above 1500 ◦C with a low oxygen content in the liquid 
steel. The high-temperature δ-ferrous phase forms prior to the oxide 
species. This oxide phase then transforms into a solid quartz phase 
(SiO2). The presence of the slag liquid inhibits the integration of 

Fig. 15. The temperature history of a given position with coordinate(x,y) (9.0, 7.0) in the building process. The chessboard strategy takes a longer scanning time and 
higher melting temperature for each layer processed. The subsequent three minor temperature peaks in the chessboard strategy are due to the nearby chess squares 
been scanned. 
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δ-ferrous, which then transforms into solid silicon oxide in the position 
where the pores formed during the solidification of 20MnCr5 steel. In 
comparison, the liquid steel normally holds less than 10 ppm oxygen 
after ladle treatment in conventional steelmaking [60]. This value 
maintains in the continuous casting process, where the liquid steel is 
solidified into the billet with the given dimensional profile. Although the 
oxide phases still precipitate in the conventional steelmaking process 
(Fig. 17(a)), the influence of these oxides are minimized due to their 
trace quantities. The detailed EDS survey (Fig. 17(b)) has examined the 
oxide phase in a typical region where the oxide is located in between the 
solid metal and a pore. The highlighted silicon and oxygen signal in the 
EDS mapping from both the top view and cross-section planes confirmed 
that the lump oxide is silicon oxide. Considering the non-equilibrium 
nature of the laser fusion, this solid SiO2 phase would be an amor
phous silica by considering the results of selected area diffraction pat
terns using TEM characterization in our previous study [32]. 

The studies on the thermal oxidation of liquid/solid phases [61,62] 
indicate that the formation of oxides initially follows a linear growth 
rate, which is then followed by a parabolic growth rate as the process 

continues over long durations, typically in the order of hours. In a short- 
duration oxidation study of a low alloy steel [63], it was observed that 
the linear growth rate of the oxidation product dominates the first 
several seconds of the oxidation process. This is close to the time scale of 
the laser scanning duration for each layer in both the linear and chess
board scan strategies, which is approximately 2 s (as shown in Fig. 15). 
The linear relationship of the oxidation reaction kinetics during the 
isothermal holding period is written as [61,63]: 

W = Klt (2)  

where W is the mass gain of the oxide in g/mm2, Kl is the linear oxidation 
rate constant at a given temperature T, and t is the oxidation time. The 
linear oxidation rate (Kl) is proportional to the holding temperature. 
According to Equation (2) and the temperature profiles in Fig. 15, the 
higher peak temperature (higher silicon diffusion rate) and the extended 
laser scan duration (longer reaction period) of the chessboard strategy 
are promoting the slag liquid (SiO2(liq)) phase formation, and later 
silicon oxide lumps retained in the porosity region. As a consequence, 
the samples built with the chessboard strategy presented a higher 

Fig. 16. The simulated thermal profile of the chessboard strategy in a layer building suggested an overlapping of laser process in the square edges and corners shared 
with neighboring squares, Square 44 is selected, where Squares 7, 21, and 30 are the neighborhood, (a) temperature curves of the given positions in Square 44 (center 
of square, corner of square) for the whole layer building, (b) the temperature map when processing Square 7 (white dashed line is the boundaries of each squares in 
the chessboard), (c) schematic illustration of the overlapped heating region in the square edges and corners when heating the neighboring squares, (d), (e), and (f) the 
detailed temperature curves of the given positions in Square 44 when process the neighboring Squares 7, 21, and 30, respectively. 
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porosity level and lower relative density compared to the samples pro
duced by the linear scan strategy. The heterogeneous distribution of the 
porosity in the sample produced by the chessboard strategy could also be 
explained by the extended reaction time by the heating overlap in the 
square edges and corners illustrated in Fig. 16, which led to the specific 
topographic ridges in Fig. 5(a) and (d) and higher porosity regions in 
Fig. 12 (c). It is worth noting that spatter particles [64], which are highly 
oxidized, can also be incorporated into the next layer during the printing 
process. These particles can contribute to the formation of oxide and 
reduce the wetting of the liquid steel to the oxide layer and prevent the 
integration of the melt pool. 

The observed reduction in mechanical performance in the 20MnCr5 
sample produced using the chessboard strategy, as opposed to the re
ported benefits in other studies with stainless steel [21,65] can be 
attributed to the deteriorated metallurgical quality resulting from 
several factors: 

(i) Large temperature region for slag liquid formation: the temper
ature region for the formation of slag liquid during the reaction of 
O2 and Si atoms in liquid steel is approximately 500 K in the 
current study (Fig. 17(a)). In comparison, while the temperature 
region for MnO⋅Cr2O3 dominated slag liquid in the Fe-18Cr-10Ni 
melt was less than 150 K [32].  

(ii) Higher resistance to liquid steel integration: The higher presence 
of non-metallic inclusion, such as silicon oxide, in the current 
study affects the wetting behavior of the liquid steel. The wetting 
angle of liquid steel on the silicon oxide is higher than that on 
chromite [66]. As a result, higher energy is required to overcome 
the surface tension of SiO2-Fe(liq) during solidification and 
thereby led to the formation of the pores. 

In Section 3.1, both the martensite morphology and inclusion volume 
fraction of the sample by the chessboard strategy favour a higher 
hardness than the linear strategy. However, the overall hardness per
formance (Fig. 6) of the chessboard sample is 11.5% lower than the 

sample processed by the linear strategy. It suggests that the poor 
consolidation behaviour in the form of high porosity is the underlying 
cause that significantly deteriorates the mechanical performance of the 
sample produced by the chessboard strategy. Such influence of the poor 
consolidation results from the in-situ formed oxide inclusions and dete
riorated integration of the liquid steel. The chessboard strategy induced 
an excessive thermal profile to the building layer, which promoted 
oxidation in the laser-powder interaction. 

The comparison study of the scan strategies in the L-PBF process of 
this low alloy 20MnCr5 steel has provided a new insight into the 
importance of considering non-metallic phase formation during powder 
fusion based AM. This study highlights the impact of high-temperature 
reactions and the presence of oxygen on the metallurgical quality of 
the build. The findings suggest that when dealing with oxidation- 
sensitive metals, such as 20MnCr5 steel, it is crucial to carefully opti
mize the processing parameters, including the laser scan strategies, to 
control the build’s metallurgical quality. Inappropriate processing pa
rameters can lead to deviations in the solidification route and inclusion 
metallurgy due to the formation of non-metallic phases through high- 
temperature reactions. To address these challenges and improve the 
overall quality of the as-built sample, several strategies can be consid
ered. One approach is to optimize the unit energy input during the 
process, ensuring that the energy is distributed appropriately to mini
mize oxidation and non-metallic phase formation. Additionally, con
trolling the oxygen content in the processing atmosphere can help 
mitigate the detrimental effects on the metallurgical quality. By opti
mizing the unit energy input and/or eliminating the oxygen in the 
processing atmosphere, the defect level the as-built sample could be 
controlled and a higher mechanical performance to be expected in these 
metals by the advantage of the microstructure refinement using the 
chessboard strategy. 

5. Conclusions 

The low alloy 20MnCr5 steel, as an example of an oxidation sensitive 

Fig. 17. Thermodynamic calculation of the relationship between the phase selection and the oxygen content in the liquid steel for the oxide phase prediction (a), and 
the confirmation by the FIB-EDS analysis for the chemical composition of the examined regions (top view and cross section) in chessboard sample (b). 
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metal, while a low cost and robust material holding distinct metallur
gical characteristics than those of the prestigious stainless steel or Ni 
superalloys, was subjected to the L-PBF process using both linear and 
chessboard scan strategies to understand its unique response to the 
processing parameter of scan strategies. This study aimed to investigate 
the material’s unique response to different scan strategies by examining 
its microstructure evolution and consolidation behaviour through 
experimental analysis and theoretical simulations. The following points 
can be concluded from this work:  

1. The linear scan strategy improves surface quality of the 20MnCr5 
build (specifically in the XY plane) and increases hardness by 
approximately 11.5%, compared with the chessboard scan strategy.  

2. Based on the Kernel Average Misorientation (KAM) measurement 
and the Orientation Distribution Function (ODF) analysis, low re
sidual stress and low texture intensification were shown in the as- 
build samples by both linear and chessboard scan strategies.  

3. The samples produced by the chessboard scan strategy obtained 
refined martensite laths (2.5 ± 0.8 µm and the aspect ratio of 
martensite laths of 2.2 ± 0.8) compared to the linear scan strategy 
(4.1 ± 1.2 µm with a portion of the data spread above 10 µm for lath 
width, and aspect ratio of 2.5 ± 1.0).  

4. The sample produced by the chessboard strategy also shows a higher 
volume fraction of the non-metallic inclusion particles. Both the 
refined martensite structure and the high quantity of inclusion par
ticles in the chessboard strategy samples did not benefit the hardness 
of the build due to the existence of defects in the build.  

5. The sample produced by the chessboard strategy presents a higher 
level of porosity defects, which leads to a relative density of 95 ± 2%, 
while it is 97 ± 2% in the linear strategy. Heterogeneous and peri
odical distribution of porosity is also observed in the chessboard scan 
samples.  

6. The FE analysis and the thermodynamic calculation suggest that the 
excessive temperature profile provided by the chessboard scan 
strategy and the residual oxygen presented in the processing cham
ber promoted the high-temperature reaction between the high- 
affinity element (here Si) and the oxygen. As a consequence, the 
in-situ formed silicon oxide inclusions prevented the integration of 
liquid steel and led to a high level of porosity in the build by the 
chessboard scan strategy.  

7. For oxidation-sensitive metals, optimizing the unit energy input and/ 
or eliminating the presence of oxygen could significantly reduce the 
porosity of the build and achieve higher mechanical performance by 
the advantage of the microstructure refinement using the chessboard 
scan strategy. 
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